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The intense muon beams which will be available at a neutrino factory provide a unique opportunity for searching 
for physics beyond the standard model, both in lepton flavor violation and in the search for a permanent electric 
dipole moment for the muon. Other experiments which can use intense muon beams will also be possible. 



1. Introduction 

Over many years, the muon has provided im- 
portant input to the standard modeh the value of 
the weak couphng constant Gp, strong proof of 
the V —A nature of the weak interaction, informa- 
tion on the induced weak pseudoscalar form fac- 
tor (7p, strong contraints on new physics from its 
anomalous magnetic moment, and sensitive limits 
on the presence of new physics which would cause 
lepton flavor violation in the muon's decay. In 
addition to its contributions to particle physics, 
the muon has become a useful tool in condensed 
matter physics. 

We heard about all of these topics in our work- 
ing group sessions, and the projections from these 
very nice talks are on the NuFact website. In this 
summary we will focus on the "muon trio": the 
anomalous magnetic dipole moment (MDM)pP 
'^ij. = {9 ~ 2)/2; the search for a permanent 
electric dipole moment (EDM) of the muon|2| 
which would signify and by implication CP- 
violation if CPT is valid; and the search for lep- 
ton flavor violation fLFVl [Hl4l5| . We focus on 
these experiments, and specifically on the lat- 
ter two because they require the highest possi- 
ble muon flux, which would only be available at 
a high-intensity muon source such as a neutrino 



factory. Useful reviews can be found for: muon 
physics at a neutrio factory 6/,; theory of muon 
(3 — 21 |7I8| : electric dipole moments^; and lep- 
ton flavor violation jlOlllj . 

The muon anomalous magnetic moment has 
now been measured by BNL E821 to a relative 
precision of 0.5 parts per million fppm') . [121131141 
and it is proposed to improve this experiment 
to 0.2 ppm in an upgraded experiment E969 at 
Brookhavcn. E969 has scientiflc approval but is 
not yet funded Since the first precise result 
from E821 became available jl2j. there has been 
an approximate 2.5 standard deviation discrep- 
ancy between theory (presently known to about 
0.6 ppm) and experiment, when the hadronic con- 
tribution is taken from e~ data. There is much 
activity worldwide in improving our knowledge of 
the hadronic contribution 16 17 . This increased 
precision available to E969, combined with the 
expected improvements in the knowledge of the 
hadronic contribution, eventually should give at 
least a factor of two reduction in the combined 
experiment-theory uncertainty when comparing 
the two. It is possible to improve on the experi- 
ment further USj, but to fully realize the potential 
of the improved experimental measurement, the 
hadronic contribution would need to be known 
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below 0.1 ppm uncertainty. 

One of the most important roles the measure- 
ments of ftp have played in the past is placing se- 
rious restrictions on physics beyond the standard 
model|7j. With the development of supersymmet- 
ric theories as a favored scheme of physics beyond 
the standard model, interest in the experimental 
and theoretical value of has grown substan- 
tially. SUSY contributions to could be at a 
measurable level in a broad range of models. It 
is interesting, although speculative, to note that 
there is a certain consistency of evidence support- 
ing the proposal that the dark matter candidate 
is the lightest supersymmetric partner, as shown 
in Fig. IH19j . The projected {g — 2) precision 
of E969 plus the expected improved theory un- 
certainty would reduce the size of the 2a band 
of allowed values down to the present la band 
shown in Fig. 



tanP = 10, n>0 




100 200 30O 400 500 600 700 800 900 1000 



mi,2 (GeV) 



Figure 1. Limits on dark matter placed by vari- 
ous inputs in CMSSM. The A between the stan- 
dard model and the E821 value of {g — 2) is 
(24 ± 10) X 10^^°, obtained from the e+e^ based 
theory evaluation of Ref. (2). mo and toi/2 are 
the scalar mass and gaugino mass respectively. 
(Courtesy of K. Olive) 



Furthermore, there is a complementarity be- 



tween the SUSY contributions to the MDM, EDM 
and transition moment for the lepton-flavor vio- 
lating process fi^ —>■ in the field of a nucleus. 
The MDM and EDM are related to the real and 
imaginary parts of the diagonal element of the 
slepton mixing matrix, and the transition mo- 
ment is related to the off diagonal one, as shown 
in Fig. 



MDM 




Figure 2. The supersymmetric contributions to 
the anomaly, and to /i ^ e conversion, showing 
the relevant slepton mixing matrix elements. The 
MDM and EDM give the real and imaginary parts 
of the matrix element respectively. 



While magnetic dipole moments (MDMs) are 
a natural property of charged particles with spin, 
electric dipole moments (EDMs) are forbidden 
both by parity (P) and by time reversal (T) 
symmetries [22123124) . This can be seen by exam- 
ining the Hamiltonian for a spin one-half particle 
in the presence of both an electric and magnetic 
field, Ti. = —fl-B — d-E. The transformation prop- 
erties oi E, B, jl and d are given in Tabled and 
we see that while fl- B is even under all three, d- E 
is odd under both P and T. Thus the existence 
of an EDM implies that both P and T are vio- 
lated. In the context of CPT symmetry, an EDM 
implies CP violation. The standard model value 
for the electron and muon EDMs are well beyond 
the reach of experiment (see Table |2J , so obser- 
vation of a non-zero e or /i EDM would be a clear 
signal for new physics. Since the presently known 
CP violation is inadequate to describe the baryon 
asymmetry in the universe, additional sources of 
CP violation should be present. Furthermore, we 
do expect to find CP violation in the lepton sec- 
tor. New dynamics such as supersymmetry could 
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easily produce new sources of CP violation which where (pcp is a CP violating phase. This range is 

could have a possible connection with cosmology shown in Fig. |2| 

(leptogenesis)ESI2nE7|- 



E B jl oi d 



P 
C 
T 



Table 1 

Transformation properties of the magnetic and 
electric fields and dipole moments. The dipole 
moments are assumed to be along the spin vec- 
tor, and to consist of charge times spin in the 
appropriate units. 
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Table 2 

Measured limits on electric dipole moments, and 

their standard model values. 

* Estimated limit, work in progress. 

■^Letter of Intent (LOI) to J-PARC for a new 

dedicated experiment .32). 



The possiblity of an experiment to search for a 
permanent EDM of the muon with a design sensi- 
tivity of 10^2* e-cm is being studied, either for J- 
PARC or another high intensity muon source |32]. 
This sensitivity lies well within values predicted 
by some SUSY models|^. Feng, et al. 28 , have 
calculated the range of (/)cp available to such an 
experiment, assuming a new physics contribution 
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Figure 3. The range of c^cp available to a dedi- 
cated muon EDM experiment |2HI ■ The two bands 
show the one and two standard-deviation ranges 
if Op differs from the standard model value by 
(3±1) X 10-9. 



Of course, if any EDM is observed, one wishes 
to measure as many other EDMs as possible to 
understand the nature of the interaction. While 
naively the magnitude of the muon and electron 
EDMs scale linearly with mass, in some theo- 
ries the muon EDM is greatly enhanced com- 
pared to linear scaling from the electron EDM, 
when the heavy neutrinos of the theory are non- 
degenerate |25l26) . 

The lepton flavor violation processes 



e^7 



(2) 
(3) 
(4) 
(5) 



are forbidden in the standard model. 

In a large class of models, if the = 1 LFV 
decay goes through the transition magnetic mo- 
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ment, one finds |S] 
B{ixN eN) 



Bin 67) 



2 X 10-^B(A, Z), 



(6) 



where B{A, Z) is a coefficient of order 1 for nu- 
clei heavier than aluminum j2U|. For other models, 
these two rates can be the samejO], so in the de- 
sign of new experiments the reach in single event 
sensitivity for the coherent muon conversion ex- 
periments needs to be several orders of magnitude 
smaller than for fi —>■ to probe the former class 
of models with equal sensitivity. Connections be- 
tween LFV and neutrino oscillations have been 
explored in several papers [ril21| 

The experimental history of searches for LFV 
can be seen in Fig. ^ Only coherent muon 
conversion does not require coincidence measure- 
ments. The decay /x — > 3e, while theoretically 
appealing, requires a triple coincidence and sen- 
sitivity to the whole phase space of the decay, and 
thereby is experimentally more challenging. 



The muonium to antimuonium conversion (pro- 
cess (4) above) j23, and shown in Fig. El repre- 
sents a change of two units of Icpton number, 
analogous to K'^ oscillations, as originally pro- 
posed by PontecorvoPJ, A£ = 2, and the sin- 
gle event sensitivity obtained|2Sj was Pmm = 
8.2 X 10~^^ which implies a couphng Gj^jj^j < 
3 X IQ-^Gf at 90% C.L., where Gp is the Fermi 
coupling constant. A broad range of speculative 
theories such as left-right symmetry, R-parity vio- 
lating supersymmetry, etc.[3Hj, could permit such 
an oscillation. 
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Figure 4. Experimental limits on lepton flavor vi- 
olation. The future projections include the MEG 
experiment's limit, and potential limits which 
could be reached at the front end of a neutrino 
factory. These future projections are taken from 
Ref. 



Figure 5. Muonium to antiMuonium conversion 
in left-right symmetric models with heavy Majo- 
rana neutrinos. 



Also mentioned in our session was the possibil- 
ity to search for the LFV reaction fj,N tX and 
eN tX in deep inelastic scattering P7j. 

2. Experimental Considerations 

2.1. Static Magnetic and Electric Dipole 
Moments 

The muon (g — 2) experiment stores muons in a 
magnetic storage ring with a very uniform mag- 
netic field (±1 ppm uniformity averaged over az- 
imuth) with electric quadrupoles for vertical fo- 
cusing. For a muon traveling in a plane transverse 
to the magnetic field the spin precesses relative to 
the momentum with the frequency 



e 

mc 



a^B - 



1 



1 



13 X E 



(7) 



The experiment is operated at the "magic" 7 = 
29.3 at which an electric field does not contribute 
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to the spin motion relative to the momentum. For 
muons with 7 = 29.3 in an electric field alone, the 
spin would remain along the momentum vector. 

If an electric dipole moment is present, the spin 
precession relative to the momentum is given by 



e 

TO 



1 \ Px E 



7^ - 1 



+ 



f] E 



Px B 



LOa + ujr, (8) 



where 

dp = |(^)^r;x 4.7x10-14 e-cm (9) 

and = {g — 2)/2. For /3 ~ 1, the motional 
electric field /3 x B is much larger (~GV/m) than 
electric fields which can be obtained in the labo- 
ratory, and the two vector frequencies are orthog- 
onal to each other as illustrated in Fig. 

The EDM has two effects on the precession: the 
magnitude of the observed frequency is increased, 
and the precession plane is tipped relative to the 
magnetic field. E821 was operated at the magic 
7 so that the focusing electric field did not cause 
a spin precession. In E821 the tipping of the pre- 
cession plane is very small, {rj/2a^ ~ 9 mrad) if 
one uses the CERN EDM limit 29' given in Table 
12 This small tipping angle makes it very diffi- 
cult to observe an EDM effect in E821, since the 
{g — 2) precession {ua) is such a large effect. 




(not to scale) 



|3x B 



Figure 6. A sketch showing the relationship be- 
tween LOa and Lu^i- 



The experimental signal for the MDM and 
EDM measurements is the from /i^ decay. 



The time and energy of each event is stored for 
analysis offline. Muon decay is a three-body de- 
cay, so the 3.1 GeV muons produce a continuum 
of positrons (electrons) from the end-point energy 
down. Since the highest energy are correlated 
with the muon spin, if one counts high-energy 
as a function of time, one gets an exponen- 
tial from muon decay modulated by the {g — 2) 
Drecession |12ll3ll4) . 

We have recently introduced a new idea which 
optimizes the EDM signal by operating a new 
dedicated storage ring off of the magic momen- 
tum, and uses a radial electric field to turn off 
the {g — 2) precession. Then the spin will fol- 
low the momentum as the muons go around the 
ring, except for any movement arising from an 
EDM 38 . The dedicated experiment will be op- 
erated well off of the magic 7, for example 7 = 5 
and = 500 MeV/c. The EDM would cause 
a steady build-up of the spin out of the plane 
with time. Detectors would be placed above and 
below the storage region, and a time-dependent 
up-down asymmetry R would be the signal of an 
EDM, 



R = 



^ down 



(10) 



The figure of merit for statistics in the EDM 
experiment is the number of muons times the po- 
larization squared. In order to reach lO^^'' e cm, 
the muon EDM experiment would need NP^ ~ 
5 X 10^^, a number only available at a future 
facility. While progress can still be made at 
Brookhaven on a^, a dedicated muon EDM ex- 
periment must be done elsewhere. 

2.2. 67 and ^i~N e~ N 

From the experimental side, the "next gener- 
ation" fj, experiment, MEG, is now under 
construction at PSlf51, and data collection is to 
begin in 2006. Since the decay occurs at rest, the 
photon and positron are back-to-back, and share 
the energy of the muon mass. This experiment 
makes use of a unique "COBRA" magnet which 
produces a constant bending radius for the mono- 
energetic 6+ independent of its angle. The photon 
is detected by a large liquid Xc scintillation de- 
tector as shown in Fig. [71 The MEG experiment 



6 



should probe down to the 10"^* level. Because 
this is a coincidence experiment, it is difficult to 
go to rates higher than will be used at PSI for 
MEG, without major changes in the technology 
for the detection of the photon and electron. 




Ee = E,, = 52.8 MeV 



Figure 7. The end and side views of the MEG 
experiment. Since the muon is at rest, the pho- 
ton and positron are at 180°. The positron is 
tracked in a magnetic field which produces a con- 
stant bending radius, independent of angle. 



The LFV experiment which holds the most 
promise to go to higher muon rates, is the co- 
herent conversion of a muon to an electron in 
the field of a nucleus, fj,~ + N ^ + N. The 
signal is a single electron with an energy equal 
to the muon mass, less the binding energy of 
the muon in the IS state of the muonic atom. 
The MECO experiment at Brookhavcn had pro- 
posed to place a pion production target inside of 
a graded solenoidal field, which captures 7r~ with 
high efficiency, and then transport them through 
a long solenoid where the charge separation is 
done, and then onto a stopping target where the 
conversion takes place, as shown in Fig. |H1 Un- 
fortunately MECOPI, which projected a single- 
event sensitivity of 2 x 10^^^, was terminated in 



August 2005. 

A fi — e conversion experiment, PRIME[S], is 
also being proposed for J-PARC but is not yet 
funded. Prime uses the same production target 
and transport solenoid scheme, but uses a FFAG 
ring to phase rotate the muon beam, [21] to dra- 
matically decrease its momentum spread. This 
scheme has the additional benefit that all pions 
decay during the storage time, thus effectively re- 
ducing the possibility of backgrounds from pion 
capture to a completely negligible level. The hope 
of such an experiment when coupled with a suffi- 
ciently strong muon source might be a few 10~^^ 
single event sensitivity. 




Figure 8. The MECO experiment. The produc- 
tion target is in a superconducting solenoid which 
has a graded magnetic field, such that pions which 
go away from the transport solenoid are reflected 
back and towards the transport solenoid. 



With a pulsed beam, and a low background en- 
vironment, a muonium to anti muonium experi- 
ment could also be possible at a high-intensity 
muon source. The signal of the decay of the 
M — ^~ is a slow positron which is stopped 
in a multichannel plate and then annihilates pro- 
ducing two back-to-back 0.511 MeV gamma rays, 
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plus a slow muon which decays to an energetic 
electron. 

3. Other Muon Experiments 

In our working group we heard two very inter- 
esting talks on the /iLan and MuCap experiments 
now in progress at PSIj4(Jj to measure the muon 
lifetime (Gp) and the fi~ capture rate in hydro- 
gen to measure the induced pseudoscalar form 
factor gp. 

An intense muon beam has a several interest- 
ing applications besides those in particle physics. 
We heard two talks on the use of muons in 
condensed matter physics. |41l42j One concerned 
studies on the origin of n-type conductivity in 
wide gap semiconductors. Isolated hydrogen cen- 
ters in semiconductors are one of the candidates 
to explain the origin of this effect. Muon Spin 
Rot at ion/ Relaxation, /iSR, is a powerful tool for 
studies of this subject. Data taken at the KEK 
Muon Science Laboratory and at TRIUMF were 
presented. 

A very low-energy polarized /z"*" beam is also 
useful for nanoscience. Epithermal muons, which 
have the peak energy of 15±10 eV and are 100% 
polarized, enable us to make nano-scale depth re- 
solved fiSK measurements in near surface regions 
of materials. Among the examples using a PSI 
epithermal muon beam was a very nice measure- 
ment of the magnetic penetration depth into a 
superconducting sample (Meissner effect). A new 
high intensity surface muon beam line at PSI with 
seven times the present intensity, along with an 
upgrade to the present apparatus, is now in the 
commissioning phase. 

Another topic discussed was muon catalyzed 
fusion (^CF),43,. In ^CF, a muon serves as a 
catalyst to enhance the deuterium fusion rate 
through the resonant formation of a muonic 
molecule such as a ddfi. Experiments were car- 
ried out with normal- and ortho-D2 in solid, liq- 
uid and gas states, and a clear effect of the ortho- 
para ratio for ddfi formation in D2 was observed. 
This is the most important rate-limiting process 
in /LtCF03]. A result of theoretical calculations, 
which predicted an enhanced effect for dfir for- 
mation, opens up the possibility for enhancement 



of fj,CF by controlling initial molecular states. 

4. Summary and Conclusions 

The questions addressed by muon physics are 
at the center of the field of particle physics. There 
is an important program of muon physics which 
will be possible at the front-end of a factory 
which makes use of the very intense flux which 
will be available there. If such a muon facility 
exists, there will also be a program of other very 
interesting muon experiments which is possible. 

We wish to thank all our colleagues for coming 
to our working group and presenting us with such 
an interesting program of muon physics. 
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